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PREFACE

This final technical report covers the work done under

contract No. F33615-77-C-0030 sponsored by the the Air Force

Systems Command, U.S. Air Force, Brooks A.F.B., Texas,

entitled "Wide Angle, Color, Infinity Optics Display".

The technical contractor monitors were Arthur T. Gill

and G. J. Dickison from H.R.L., Wright Patterson A.F.B., Ohio.

The project engineer responsible for the program was

Edward Rossi.

The holographic research and development was directed

3nd carried out by Jose R. Magarifos in collaboration with

Daniel J. Coleman, and the technical :: nce of William

Marshall and John Andres.

A contributor to this program was Martin Shenker as

chief optical designer.
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SECTION I

INTRODUCTION

General

The Air Force Human Resources Laboratory has estab-
lished a program which provides for the design, development,
and fabrication of advanced training simulation systems for
use in establishing pilot training requirements.

The Pancake Window has served as the basic optical
element in the visual system of two such advanced trainers,
namely the Advanced Simulator for Pilot Training (ASPT) and
the Simulator for Air-to-Air Combat (SAAC).

While both of these systems were highly successful
from a performance standpoint, the considerable weight and
high manufacturing cost of the multiple Pancake Windows
employed were objectionable characteristics worthy of further
investigation. The substitution of holographic elements
to overcome these objections was undertaken as the next
logical step in the further development of the Pancake Win-
dow infinity display system.

In successive programs, holographic optical elements
replaced classical optical elements to Produce first a
single unit monochromatic holographic Pancake Window and
later a mosaic of three holographic Pancake Windows pro=
viding a continuous horizontal field of view of 120 .

Specifically, a costly and heavy spherical beamsplitter
glass mirror was replaced in the Pancake Window configur-
ation by a flat, light-weight, and potentially low cost
holographic spherical beamsplitter mirror. These initial
holographic mirrors have a monochromatic response, and con-
sequently the resulting holographic Pancake Windows do not
have a full color visual display capability.

To further develop the holographic Pancake Window ap-
proach, the program which is the subject of this report was
established. This program calls for the development of a

NOTE: "Pancake Window" is a registered U.S. Trade Mark.
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tricolor holographic beamsplitter spherical mirror with full
spectral resoonse. This holographic mirror is to be assem-
bled in a tricolor holographic Pancake Window to provide
full color visual display capability.

Background

Classical Pancake Window

The Pancake Window visual display system is an in-line,
comoact, infinity display system with the advantages of us-
ing only reflective optics and providing very large field-
of-view angles. It consists of two linear polarizers,
two quarter-wave plates, and two beamsplitter mirrors ar-
ranged as illustrated in (Figure 1). Each linear polarizer
with its adjacent quarter-wave plate forms a circular po-
larizer. One of the beamsplitters is a spherical beamsplit-
ter whose focal plane is folded by the other beamsplitter
which is a plane beamsplitter. Light that originates in
the focal plane of the spherical beamsplitter becomes col-
limated upon reflection from the beamsplitters, and con-
sequently, the information displayed at the focal plane will
be displayed at optical infinity when viewed through the
Pancake Window. Because it uses beamsplitter mirrors, part
of the light may be transmitted through the Pancake Window
without being reflected by the beamsplitter mirrors. To
avoid the direct transmission of the light, the Pancake Win-
dow uses a system of linear polarizers and quarter-wave
plates.

As is schematically represented (Figure 1) , unpolarized
light reaching the Pancake Window becomes linearly polarized
going through its first element, a linear polarizer. It
then will go through the spherical beamsplitter and through
the first quarter-wave plate where it will become circularly
polarized. It will be partially transmitted and partially
reflected in the plane beamsplitter mirror. The light that
is transmitted becomes linearly polarized again going
through the second quarter-wave plate and it is "crossed"
or absorbed by the last element, the second polarizer whose
axis is rotated 900 with respect to the first linear polar-
izer. The light that is reflected in the plane beamsplitter,
being ci-cular, suffers a chanqe in handedness upon reflec-
tion, and when it becomes linear after goina aqain through
the first quarter-wave Blate, it will have its plane of
polarization rotated 90 with respect to the light that was
transmitted. Upon being reflected again at the spherical
beamsplitter, it will reach the last polarizer with its plane
of polarization not crossed but parallel to its linear axis,
and consequently, this light will be transmitted by the
Pancake Window.

*See AFHRL-TR-75-59(VI) for a detailed description.
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An observer viewing through the window sees an image
at infinity focus of the object placed at the focal plane
of the spherical mirror. The polarizing elements prevent
direct perception of the image source. The Pancake Window
is operating then as an on-axis, in-line magnifier lens, and
acts as a reflective rather than a refractive system. This
arrangement permits the design of the very fast systems
which are practically impossible to design using refractive
optics.

A typical Pancake Window Infinity Display System has
the following characteristics:

1. 36 inch eye relief for an 840 total field
allowing 12 inches of head motion (pupil volume) around the
center of curvature of a 48 inch radius miror.

2. The focal length would be 24 inches and the over-
all thickness under 12 inches.

3. Maximum decollimation would be 9 arc minutes over
any head motion and field angle.

4. No chromatic aberrations or distortion over an
840 total field where the only significant aberration is
the spherical aberration.

Multiple Pancake Window units are butted together and
can produce a 3600 field-of-view system. A dodecahedron
configuration using pentagonally shaped Pancake Window
systems has been used in the ASPT and the SAAC.

Holographic Pancake Window

The holographic Pancake Window system operates in a
manner similar to a standard Pancake Window system in which
the glass spherical beamspl' -'aced by a
holographic optical element - Aue optical
characteristics recorded in - And flat gelatin
'ilm. The HOE is not work' r IF 1 . .
tion, and consequently, dc ;-t
and not spherical. This
Pancake Window to be .
all of its elements b
sical Pancake Window,
due to the curvature

One drawback of using HOEs is that the substrate sup-
porting the holographic films produces unwanted reflections,
usually of different magnification, which deteriorate and
interfere with the viewing of the principal image.

This effect does not occur in the Pancake Window

4
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confi(iuration in which the holouraohic substrate is optical].,
cemented (with an index of refraction match) and the circu-
lar polarizer confinuration eliminates surface reflection.

A particular characteristic of the holoqraphic Pancake
Window is that its spectral resuonse corresponds to the
spectral response of the holocaraphic spherical beamsplitter.
The holoqraphic mirrors produced prior to this program were
monochromatic and match the spectral response peak of the
cathode ray tubes (CRTs) input phosphors.

Holographic Spherical Beamsplitter Mirror

A hologram is the recording of the intensity and phase
characteristics of two wavefronts of radiation. It is re-
corded as intensity variations of the interferogram pro-
duced by the interference of said wavefronts at the re-
cording plane, and after being processed, if properly il-
luminated, will reproduce the original wavefronts by a
process of diffraction.

The holograchic recording material can be modulated
only at the surface (olane holograms) or throuahout its
volume, (volume holoarams) or can be modulated by phase or
absorption.

The holograms used in the holographic spherical beam-
splitter mirrors are of the volume-phase type. The material
to record these holograms is gelatin film photosensitized
with ammonium dichromate.

The process is as follows. A gelatin film is hardened
to the point at which it just becomes insoluble in water
at normal room temperature. The film is photosensitized
with ammoniu' dichromate and upon exposure to licht becomes
slightly harder in areas where the absorption of the linht
was greater. After the dye is washed out and the film swelled
with water, it is dehydrated rapidly. The dehydration and
drying create strain areas and material modifications iri the
volume of the film with local changes in its index of re-
fraction. This index of refraction modulation produces a
diffraction, three-dimensional gratina which is the hck]wram.

To produce a spherical mirror holographically, tht filr
in which the holoram would be recorded should be illuni'u-
ated by two wavefronts, each oriainati,T in )oint sourc,
coincident with its focus. Since a sphere has the twu ch i
coincident at its center of curvature, to prodlice a Ii( 1,-
craphic snherical mirror, two wavefronts are used, c(n,
emanatinrz and the other conv(erqino, at the same noint wl~i(h'
will become the c;nter o7 curvature of thn hon(irarhi(c
srherica] mirror (Fi:uro ).

!4
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When the hlokiraphic mirror is il luminated, it- will
dlif fract I i ht . The dif fracted wavefront will have similarJ
,h, Ir acto rist ics te those of a ref lected w avef ront f ron) a
classicail mirror. If the hol(oc;raIm diffracts all of the
incident I iqht , it will be equivalent to at total reflectinq
mi rror. I f onl I oYa rt of the 1 ight is di f fract ed. by the hole-
q;raphlic mi rror , it will be equiva lent to a part ialIly r-f lec-
tinci mirror or beamsplitter mirror.

The holopjraphic heamslitter mirrors are reflection
holoqrams, which typically have a relatively narrow band
wa-velenoth resoonse. These are the so-cal led monochromatic
holoqraTphic hcamsplitter mirrors that have been used in the
monochromatic hlographic Pancake Window. The efficiency
cr this mirror (as relatced to the holoqranhi c Pancake Win-
dow transmiss-ion) is very hiqh when used with monochromatic
sources such as some of the very narrow band CRT phosphors
(Piqure 4) . 1When used with white liqht (broad band) sources,
the efficiencv is, lo-w because of the mirror's chromaticitv.

Tricolor IllqahcSpherical Beai.s-plitter Mirror

A tricolor holoo-ratnhic mirror is a composite of three
holooran)hic mirreach havinq a monochromatic (narrow
band) res;oense and a focal length which is identical at the
,)oak wavelIencth resinonse of each holociram. The spectral
distribut ion resti)onse,( of these three holoqrams can be so-
lected to nroduce a wide band spectral response with little
overlap between monochromatic responses. The three mono-
chromatic holoirams ca-,n be recorded in the same2 film or in
different films-- andl can be assembled onto a common fil.1 sub-
st rate or o)n soplarate substrates.

l~sn'i i' ntiica ios 1055shold onn~_fvorablv
__sesmi 7irrors:, anid ais mont joned hof-ri i: ti

rt( 11!1. -1(h ir It - fi 1

i Ir T 17 r ImT ' r' r i a r c h ri m al(

I + I fo l t fi i c i' o

tv:,Ic -I:r'' r ~1 I . f i c
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To evaluate the optical performance of holographic
elements which could be used in the Pancake window infinity
display system, a 17 inch diameter holographic spherical
beanisplitter mirror was produced and a Pancake Window as-
sembled using this hologram as the spherical beamsplitter
element.

Also evaluated were the performance of a high power
continuous wave (c.w.) argon laser with regard to its suit-
ability to the fabrication of the HOEs; and the adequacy
of the existing holographic facilities. New techniques
applicable to the various steps in the preparation of the
holograms were also developed and evaluated in the course
of this effort.

The use of multiple holographic Pancake Windows in a
single system was next investigated as part of this continu-
ing development.

Holographic Pancake Windows were evaluated not as single
elements but in a mosaic of three units butted edge to edge
and with a dynamic imagery display which could be driven
across all three windows. There was also a continued effort
to improve the quality and repeatability of the holograms
as a result of what was learned in the fabrication of the 2
17 inch holographic Pancake Window and subsequent developments

Prior Project Analysis

The performance of the 17 inch hoiographic Pancake
Window manifested a series of defects and inconsistent re-
sults which were not quite understood. Consequently, an
in-depth analysis was started which concentrated particularly
on two areas:

ad1. the origin and possible elimination of ghost i'mages,

2. the influence of the control of environmental
parameters on the quality and repeatability of the hologram.

Successfully completed, this study revealed the new
holographic ghost images were not inherent to the hologra-
phic system but were caused by internal reflections during
the construction of the hologram and by overly high values
in the diffraction efficiency of the holographic beamsplitter.
Consequently, these ghost images were eliminated by incor-
porating a wet cell in the hologram construction geometry
and by controlling the diffraction efficiency to values not
higher than 50 percent.

The study also indicated the need for a clean room
environment for the production of the holograohic film and

10



holograms and the necessity for control of temperature and
humidity throughout their processing to achieve higher
quality and repeatability. As a result, new holographic
laboratory facilities were built which provide a clean room
environment of "10,000" quality ("100" quality for film
coating); humidit~ control to +1 percent and temperature
control to +0.5 0C

The 17 inch holographic Pancake Window program also pro-
vided valuable information relative to the capability and
performance of the high power c.w. argon ion laser for
construction of the holograms, and the need for monitoring
the oscillation stability of the laser and the vibration
stability of the holographic recording geometry.

Implementing the wet cell in a previous project re-
vealed difficulties in attaining the required stability.
The wet cell, which was to contain a 24 inch by 21.5 inch
holographic plate, was redesigned several times before a
configuration was found which was relatively insensitive
to acoustical and mechanical vibration disturbances. With
this wet cell, exposures of more than 20 minutes duration
were achieved with good results.

This prior project raised the problems of holographic
wavelength bandwidth response, wavelengtn spectral peak
positioning stability, and shifting which were not formally
considered before. The spectral response of the hologram
should match the spectral response of the illumination
source if a maximum transmission efficiency in the hologra-
phic Pancake Window is to be achieved.

Iwas found that the holographic spectral response
shifted with time to lower wavelengths (toward the blue)

if th oormwas not properly sealed, and it also shifted
with angles of incidence or large field-of-view angles.

wavlenth eakresponse positioning than is necessary if
narrow spectral band illumination sources are to be used.

Techniques were developed in which holographic wave-
length peak response positioning was accomplished to +2
nanometers (nm). The spectral respcnse shifting with time
was controlled with proper hologram drying and subsequent
sealing to exclude humidity with a cover plate or by cemen-
ting the hologram into the Pancake Window configuration.
The spectral shifting with angle of incidence and/or field-
of-view angle, if not possible to eliminate, can be ignored
if a wider spectral illumination source is used or if the
shift is averaged with respect to the peak of a narrow spec-
tral band source. However, a wider spectral source will
decrease the peak light transmission.

*See Appendix A.



With the new holographic facilities, holographic films
were coated with very good flatness and uniformity. The re-
peatability of the entire holographic process became excel-
lent. The environmental controls provide the necessary
means for holographic parameter evaluation and process cal-
ibration. In this program, the requirements for producing
holograms entirely free of cosmetic defects were investiga-
ted and some blemish-free holograms were achieved experimen-
tally. These techniques were not imolemented in the final
product because program limitations gave priority to more
meaningful parameters.

The optical resolution of the holographic beamsplitter
mirror is excellent on-axis but deteriorates for off-axis
angles or large field-of-view angles. This deterioration
is not an inherent limitation of the holographic process
since good off-axis resolution could be observed in selec-
ted areas across the entire field of view and at the ex-
treme angles. This problem was investigated but a complete
solution has not as yet been developed.

Summarizing

Programs prior to this project have investigated tech-
nologies to produce holographic optical elements, specif-
ically holographic spherical beamsplitter mirrors. Problem
areas were found which were resolved and the holographic
process was developed to prove the feasibility and perform-
ance of monochromatic holographic beamsplitter mirrors, in-
tended primarily as replacements for the classical spherical
beamsplitter glass mirror in the Pancake Window Infinity
Display system. This replacement accomplished a consider-
able reduction in the weight and should eventually reduce
the manufacturing cost of visual simulators using the
Pancake Window Display system.

The monochromaticity or narrow spectral bandwidth re-
sponse of a monochromatic holographic mirror, although ac-
ceptable for particular applications, does not provide a
full color display capability.

Project Scope

The goal of this project is to produce a holographic
spherical beamsplitter mirror that could be used in the
Pancake Window Display system to provide a full color re-
sponse for visual simulation.

Since monochromaticity is a characteristic property of
this holographic mirror, it was decided not to change it but
to increase the spectral bandwidth response by means of a

12



combination or coupling of three single monochromatic holo-
craphic mirrors.

These three monochromatic holograms, one peakinq in the
blue, another in the green, and another in the red, are
equally spaced under the photooeak spectral visual distribu-
tions. The spacing is such that the sum of the three mono-
chromatic spectral distributions provides maximum spectral
coverage without producing detectable crosstalk between them.

The holograms could theoretically be manufactured in
the same holographic film or as separate holograms. The
approach followed in this project was to manufacture a)
a blue hologram using the 488.8nm laser line of an argon laser
with a spectral response peak at 488nm and with a spectral
half-height bandwidth of 30nm; b) a green hologram using
the 514nm line of an argon laser, with a spectral response
peak at 550nm and with a half-height bandwidth of 30nm; c)
a red hologram using either the 514nm line of the argon ion
laser or the 647nm line of the krypton laser, with a spec-
tral resoonse peak at 620nm and with a half-height band-
width of 30nm (Figure 5).

These holograms were to be assembled preferably with
the three holographic films at the same plane, and con-
sequently, they would have identical focal lengths to
form the composite holographic beamsolitter mirror.

The assembly of the holographic films at the same plane
was to be accomplished by a film transfer technique in which
one of the films is "oeeled" from its glass substrate and
optically cemented to one of the other two holograms.
Finally, the holooram with the two films and the hologram
with the single film were to be cemented together film-to-
film (Figure 6).

The focal length of each holographic mirror is a func-
tion of the construction geometry (Figure 3) and of its
spectral response.

Since it "reflects" by diffraction, these parameters
are related by: SP r Rc c

2 2 A r

where:
f = Foc'al ir'n:th of the holocraphic mirror for the

illuminating wavelene th.

Pr = Radius of curvature of the holeciranhic mirror
for the illuminatinq wavelonath.

c = Radius ef curvature o' the holoo(raphic mirror
t- f he consr ruct ion or laser wavl(ena th. Also distance

J ,,;,en the s)atia I f i ] ter and nolograh i c nlate in the
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construct ion ieomet rv

c = Wave I enq t h use(,d 0 ori n(o t ht con -t runct ic!, o of tle(
holo0gram11 01- lL~se-rwvlnt

, r =Wavelenuith used in vie-win(; the ocor, or
srnectral wavelencgth peak resoonise of the, hnoluuraphic - irror.

A variation in the spect ral re-sponse will caus(e a :-i
at ion in the focal .1 1 enut (-of the runcratc irrranti

a Mismatch with thle others- in the eumpc 05110myirror. CoQn-
sequent ly, the posit ioninci of the supect ra rcusoonse ur
and the control of the suectral response shiftimi ar~ ,
amental in this project.

The oroduction of. a holoorauhiic brnuit wit"
red response had been neiuivaccomo 1 ise bu~ t not -.
design. The controlled nroduct ion of i rd ros'o-nsr (
graphic bearsplitter was also a speci fic tj k of' this )ro-
j e ct (HOfloqrams desinned to have a respcn-( i"' thc co "
had been previously obtained with an unwintenI rod respo)nse-,
probablyv due to) a faultv ;urenaration Of theOlti fi.



SECTION II

INVESTIGATION AND DEVELOPMENT OF HOLOGRAPHIC
MIRROR RESOLUTION AND SPECTRAL RESPONSE CONTROL

This project encompassed the fabrication of a tricolor
holographic mirror as a composite of three monochromatic
holographic mirrors and the evaluation of its performance.

The production of a blue and a green hologram has
already been accomplished but further development was nec-
essary in the areas of holographic mirror resolution and
in controlling the spectral response of these holograms.
These holograms should spectrally peak at a specific wave-
length and not shift or change their spectral response. The
tolerances are small since a change in the spectral response
will cause a change in the focal change of the monochro-
matic holographic mirror and consequently, a mismatch of
this mirror (in focal length) in the tricolor composite
mirror.

The optical resolution of the holographic mirror de-
teriorates, generally, but not always, with off-axis angles
or large field-of-view angles. Experimental data seem
to indicate this deterioration is principally caused by
defects in the hologram itself and not by a limitation in
the holographic geometry (holographic optical aberrations)
or in the holographic basic process.

Several theories have been formulated and investigated
to find a solution for these problems.

Resolution Improvement

The optical resolution in the monochromatic (blue and
green) holographic spherical beamsplitter mirrors had the
following characteristics:

1. On-axis resolution is as good as 1 minute of arc.

2. Off-axis resolution does not generally deterior-
ate if the eye position is shifted so that the line-of-
sight passes through the center of the mirror for any
viewing angle.
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3. Off-axis resolution generally deteriorates with
increased angles when viewed from the center of the exit
pupil.

4. In selected areas across the entire field of view,
the resolution is as good as that on-axis for specific
viewing angles and head positions not necessarily in the
"pupil" volume.

5. In select areas, and even at the extreme field-of-
view angles, the resolution is as good as that on-axis when
viewed from the "pupil" volume.

6. Areas of bad resolution (and good resolution) seem
to be associated with an "optical texture" of the hologra-
phic film.

Five hypotheses were considered to analyze this
problem:

1. Angles of holographic reconstruction depart
greatly from angles of holographic construction (Bragg
angle).

Because of the discontinuity in the deterioration
of the resolution, this hypothesis assumes the possibility
of an aspher.sing effect caused by distortion of the planes
of diffraction in the good resolution areas.

2. The holographic film, in the swelling process,
discorts the planes of diffraction in a random manner most
likely associated with cosmetic defects and variations in
the physical characteristics of the films.

3. The holographic film, in the swelling process, is
affected by a radially directed strain which will deform
the planes of diffraction.

4. The holographic film is not uniformly hardened
and during the holographic process some areas on the film
are distorted or will have different holographic responses.

5. Non-uniformities of the illumination during the
construction (exposure) of the holograms could produce dif-
ferent hardness on particular areas of the gelatin film.

Four experiments were conducted:

a. Holograms were produced with different geometries.
Different holographic spherical mirrors, paraboloids, el-
lipsoids and spheroids were made and compared for optical
resolution.

The gross change in resolution from area to area
in the holographic film was observable in all the mirrors
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and no specific improvement could be related to a particular
geometry. No distortion related to a particular geometry
or to an aspherising effect was observed. The changes in
the geometry were produced by varying the distance between
spatial filter and aluminized master mirror from the focus
of the mirror (to produce a parabola) , to a distance be-
tween the focus and the center of curvature (to produce an
ellipse) to a distance equal to the center of curvature (to
produce a sphere) and to a distance greater than the radius
of curvature (to produce again an ellipse). Holograms were
also produced distorting the illumination wavefront slightly
with a cylindrical lens.

b. A large number of holograms produced before this
contract were analyzed for common characteristics related
to resolution or the lack of resolution. It was recognized
that old gelatins and old photosensitized gelatins gave
better hologram resolution, that slow-dried gelatins gave
better resolution than fast-dried gelatins; and that those
gelatins requiring chemical hardening to remove scattering
due to gelatin cracking had better resolution than those
gelatins not subject to chemical hardening (Table 1).

A unique characteristic of each of these gelatins
having superior resolution was their relative hardness. A
gelatin's age, whether photosensitized or not, will affect
its hardness5 ; a 2-month-old gel will have more rigidity
than one that is a day old. An old photosensitized gelatin
will have been subjected to a dark reaction, hardening the
gelatin and lowering its sensitivity to light. Those gel-
atins dried slowly are harder than those dried quickly due
to a longer period of a gelation allowigg more crosslinks
to be formed between gelatin molecules. A chemical hard-
ener, e.g. bisulfate, will react with the ammonium dichro-
mate sensitizing dye to also form crosslinks.

Any or all of these processes will yield a harder gel-
atin and a hologram with better resolution due to gelatin
integrity not allowing the planes of diffraction to deform.
To prove this, the gelatins for subsequent holograms were
prehardened. This resulted in better resolution in those
holograms but lower emulsion sensitivity to light. (There
is a trade off between gelatin hardness and plate sensitivity.)

It has not as yet been determined in which steps of
the holographic process the film needs to be further hard-
ened or it a new film formulation will be required. Also,
it has not yet been proven that the hardening parameter is
the single cause for the deterioration of the resolution.

C. To study the possible effects of radial strain and
deformation of large plates during the swelling of the film,
the film in the large size holograms was cut in successive
circles from the center of the plate outward. Radial cuts
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TABLE 1 - RELATIVE RESOLUTION VS.
GELATIN HARDENERS

Holograms Relative Resolution
Produced in/with Superior Poorer

Aged gelatins X

Aged photosensi-

tized gelatins X

New Gelatins X

Fast Dried Gelatins X

Slow Dried Gelatins X

Chemical after
hardening X

Chemical pre-har-
dening X

No Chemical hardenin X
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crossino the circles were also made.

These holoqrams were exposed and processed toqether
with other holograms with similar fil i characteristics but
without being cut. The comparison of these holograms pro-
duced no evidence of strain or deformation caused by ra-
dial forces durina the swellinq of the film. Nor was there
any improvement in resolution correlated with the holograms
on film which had been cut.

In a similar experiment, small holoorams were simul-
taneously exposed side by side simulating a largfe size holo-
gram. The comparison of this composite, hologram, after pro-
cessinq, with a large holocoram revealed no sinnificant
difference.

d. To produce a uniform illumination, special optics
for expanding the laser beam were desicined .nd manufactured.
These optics consist of a Galilean telescone which will col-
limate an expanded laser beam, transmitting only the most
uniform part of the beam's Gaussian intensity distribution,
with a variation not greater than 50 percent from the center
to the edge. This telescope will also minimize later dis-
placement (of the focused laser beam) associated with dif-
ferent modes of laser oscillation.

The implementation of these optic- improved the quality
of- the holograms and the resolution but is not the complete
solution of the problems.

It is generally concluded that the hardness parameter
is most closely related to resolution and that its com-
plete control could solve the resolution urobbem. However,
a process which totally eliminates the resolution deteri-
oration has not yet been found or formulated. The improve-
ment achieved thus far is notable, and it e>x:,cte d thait
additional development work will achieve a venvlete sou 1 -

of the problem.

Spectral Resp)onse Control

7o be successful in the product-ion of t( t
hol o(1rar, the spectral resi)onse ef each of the , -

chromatic holograms must be contrclled. The f(l 1,., r,-
onirements anM',-:

I. The monochromatic hoora'..-
dos ionod wave ]enoth aaid should :-,,k it ' :
reornrncli to the focal lonoth c,1l c. ,,',,
t ic I qor tr,.. The wavelength te ik , I i t - r
sheuld be( better than +2nm.

The nosition of the monochromtic ho I eqtram spect ra I
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response neiak should b, st ib I arid no waveleng)th shift will
be a I owab It,.

3. The wavel noIth shift with angiles of incidence and
field ank]1es shou ld not uroduce a chano in the foc l lencth
with different values for each mirror.

To test and further development the nositionino
of the wavelength resoonse r)eak, the fo1]owina aroas were
investigated:

i. Film hardness: It was established that the hard-
ness of the film will determine the final stable position
of the hologram resuonse. Those holog rams whose gelatins
were harder due to chemical hardenino after exposure had
a lower neak wavelength rosronse than those not chomically.
hardened (Figure 7).

2. Use of olasticizers: If the holocram was oroces. i
with triethanolamine or some other olasticizer wan incor-
porated in the gelatin, then the aelatin's final state will
be swollen beyond its normal thickness causing a larger
separation of the planes of diffraction. This increased
separation will cause the peak wavelength response to be
displaced to a longer wavelength (Fioure R).

3. Effect of water retention of gelatjn: It was seen
that if the celatin was exposed less than 24 hours after
ohotosensitization, the final neak wavelength resnonse would
be lower than if the gelatin was exoosed soei lorlkr time,
e.g. 20 days, after o)hotosensitization. This dryino out
of the gelatin will cause the peak wavelength r esponse to
be approximately 20nm hi(lher than if th, gelatin were net
allowed to dry out. The water content of the cmelatin film
as a function of the onvironment-al humidity in the drv inn
and storage of the film before it is exposc, has a notice-
able effect in the nosition of the spectra] I nak (Figure 9).

To achieve a hologram whose i)eak waveI(encith response
would not shift over long neriods of time, the following
areas were investigated:

1. Effect of drying speed on spectral shift: Holo-
grams were dried at various rates after )r cessin( by ad-
justinc the environment with reciard t,- rolative humidity
and temperature. It was found that recardl,ss of rateo of
drying, the holograms reached a sznecific npeak wave lnqth
response. This neak response was on1'%, a fac-tor of tel at in
processing prior to or after exnosure. A holoo( ram dried in
a high-temnerature low-humidity environment, 50"C and 20
percent relative humidity (R.. ) , would reach i stable, neak
wavelength response in approximatel ' (, d, , wh i I a ho -

gram dried slowly at a higher relative humidity, o.o. 4%
percent relative humidity, would shift slowly ever
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approximately two weeks to the same final neak wavelencth
response (Fiatre In)

2. Effect of relative humidity on holoaram: It was
found that a holooram 's neak spectral response, if it is
not sealed, would vary from its final "stable" position
depending on either water absorption or dehydration due to
its surroundinq environment. The amount of shift was re-
lated to the hardness of the qelatin since water absorption
is dependent of qelatin hardness. For example, a o)late re-
moved from an environment of 350 C and 20 oercent R.IH. and
rilaced in an environment of 22°C and 30 Percent R.H. showed

a peak wavelenoth response increase from 537nm to 544nm,
(Fiqure 11).

3. Effect of sealinq the holoqram with various cements
on final neak wavelenath resnonse and shift sneed: Holo-
orams which had reached their stable spectra] response and
were then sealed with a layer of cement, or cement and a
cover glass, remained at that neak snectral resnonse. If
the hologram had not been properlv dehydrated and was
sealed, a shift in wavelength would occur very slowly to
some final wavelength response. This shiftinq may take
six months, for example, denendino only on how dehydrated
the gelatin is when it is sealed. The amount of shiftino
which will occur cannot be accurately oiredicted, so holoorams
should be sealed only after they reach their stable peak
wavelenath response (Figure 10).

The cements used were a pottinc compound, a T)olyester
castino resin, and two Part eonoxv.

In order to determine the shift of the wavelenath
resnonse peak with field-of-view anoles, holoorams were
measured with spectral responses in the blue, in the areen
and in the red.

The holo-rrarhic wavelenqth shift with respect to field
ancles seems to bo independent o the spectral responso
neak and only dependent on the value pf the anole. This
result is not total .- conclusivo since inconsistencies have
been noted which have not yet been completelv analyzed
(Figure 12).

The wavelen(ith shift (even indenendent of the holoorarr
res)onse) will affect the focal lencith of each holoaram
with factors which are denendent on the construction-recon-
struction wavelenoths ratio. This problem also has not vet
been compl(,t ly analyzed.
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haIld a I r ea dy been in Vest igTate d by other restearchers icck
pec ted res ults for this part i cula r ho I nera oh i cgemt:wr
aeoletel1\ uncertain.

Not,-e that a ruby 1: asec r or- a vt triLumn alumninum eiarmet 1laser
could a lao be usedI to produce a red he I oram . Th ese(- a re(

t se (1 a Se rs wh Ih ide (,al I I v wo u Id b e meor c e s i r ab Ile i f the:
have the newer reoui1red to) exvnse the rel1at ivol v slow am-
monium diebromate, gelatin films. Considering the power of
a1 commercially' available ruby laser at 10 j~e J/us
and considering sinole le exposures, because of coherence
reiui rements, the avai lable total enercy for exioesure of
the nlates would be 120 times gireater with a c.w. krypton
la1ser (2 watt 00' useful o~ower) for an eXTooSure duraltion
of" 10 minutes. (Irradiated energy on the film in joules
(J) = newer in watts (W) x exposure duration in seconds (t),
so that for the c.w. krypton laser, 2 watts x 600 seconds -
1200 joules compared to the single pulse 10 joules of the
pul sod lasers.

Construction of the Red Hologram with the Argon Ion Laser

initial Results. Experiments were carried out to in-
vesticfate the increase in the amount of swelling in a hole-
grapnhic film when plasticizers were added in the developina
process. This additional amount of swellinc could orer-
ciuce a permanent magnification in the separation of the
planes of diffraction and conseguently a hioher wavelenoith
spectral response (toward the red if constructed in the

Hologiraphic plates were exposed with thie 51 4im I ijoe of
t- a roen ion laser and coeve loned w.ith the addIritinr cf a

plristicizer (triethanolamine) treatment. The O erhi
resnonse shi fted to thie red and seemed c initil1' h, I- ta s,-.l:,-
l-'ome of the olates were seal ed with a 1-as 1,1cn It a1nd
all were m,,easured at intervals o)f t m T d-
siblo wa-ve lenrith shi ftinq r instabi l it..

It was foundI that the Tolatos thaIt wo re stoiledC remainw 'I
in the red and shi fted on],'. a fewA 1,11' f, rahu t 1 u-

(e1ec hoooam shfe fter a fe'-A v. ,(ks tc, th( ';eIlow-
omnrroeion o-f the2 spectrum.

Tile most unxotc rbe a allt': to re-
netth hoeresuilts , nc th -. I ' t''I o'f e

'71eus1,'erite ee atin i. m wa ey oo U The ho] ocram
:jeh'dwith frost, ly coated aelit iiin Ir!- shi If ted to the

redv.h' teatd it tne haoian t',htt the f cta re-
-;osshifted. haek teaI o-a oa! maJ] 1:eelr'n in



1( k' .te-(l t.- !)ct d t ro-(valation of the T)roblom
a Id eXIeriilt: rt 1,) 'e I 11) (' 0 t) ilvest i(late the paraImetors
whicll mia ht (' i t11 , en Ia1 in the construction of the red

w<qe ,rat: wit. I ht, (rie! ion las(r. Also investiqated was
lt ).,:I:-;+ tsit i ,l the, red he( ) Tlegramt with the krypton or

.ri: v' ceducted to determine the effect of
the a. i .: i .tis on the snectraI shift from 14nm , f
the, cL Ftrt i, te 'mltry to the 620nm desired wavelen.t.
alol )rra i~:i- r'- rstruction rest onse, and also on the sta-
hility, witli time, )f the spectral response.

1. E:ffect of agino of the gelatin film: In the at-
tempt to repeat the initial results in obtainina a red
hologram with the argon laser, the narameters in the holo-
graphic process were identically repeated. One parameter,
the qelatin film, could not be repeated because the old
stock of films was depleted, and new, freshly-coated ma-
terial had to be used. To investigate the effect of old
vs. newly coated films, gelatin films were aged by an ar-
tificial process and by a natural process. In the arti-
ficial process the gelatin films were baked and cooled for
several cycles. In the natural orocess the films were
stored for a period of 4 months.

The results show no direct correlation between the
age of the film and the capability of the holooram to main-
tain red response. All of the holograms shifted back from
the red tothe green in a matter of hours.

2. Effect of exrosure energy: Holooraohic I)ates
were (xposed with different energies, from ]0mT"c, to
2 m and the plates were developed and swelled usino
triethanolamine.

The very-low ex;)osure p)lates produced holograms
with weak sicnal and/or too much scattering due to retic-
ulation of the gelatin film during drvinc:. The plates with
large scattering had a rod response which was relatively
stable. 2 The ho)ograms exposed with densities (greater than
200mJ/cm produced red holocirams which shifted back to the
green. The higher the exposure enerq',, the faster the shift
hack. The seof .shiftin, was constant above 500mJ/cm2

(less than one ho ur) (Fi r, 1 3)

3. tCftt f r ist ici" ,rs and hrdoners: To orif'"
a pO~s ib] ' reneficial aet ion in the swellillo o)f the gelatin
ftiITr with ' 1 I ( ai i t io ( o ()f TrI IS!i- as 7r.er and ha11 1 1rdene- Irs , o Ix-
*) , nri nts W ( arr1) d I (,rnt formulations. The

6 _ 7. . .. ._2 LL._._2 . . . .
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plasticizers used were triethanolamine, glycerol, and ethy-
lene glycol and they were added to the 'Telatin solution be-
fore the film was coated and during other steps in the holo-
graphic Process. The concentrations were also ,,aried.

The hardeners used were formaldehyde sodium bisulfate,
sodium meta-bisulfite, methanol, and Kodak Rapid Fixer.
The formaldehyde was added to the gelatin solution before
the film was coated and the other hardeners were used in har-
dening baths at different steps during the holoqraphic pro-
cess. Besides the chemical hardeners, the films were also
hardened by bakinq them before photosensitization.

The results show a general tendency of the plates to
respond in the red when plasticizers were used and to re-
spond in the green when hardeners were used. The plasti-
cizer caused the film to reticulate or to exhibit very non-
uniform characteristics. The hardeners produced very uni-
form films, relatively low diffraction efficiencies and a
spectral response very close to the construction wavelength
(Table 2).

4. Effects of various gelatins: Gelatin films were
coated and processed usinq pure gelatins of different types.
The concentration of qelatins was at a maximum when the

0'gelatin coated at 30 C gelled as soon as it was spread on
the glass plate with a thickness of .5 cubic centimeter
(cc) per square inch. The minimum concentration was the
maximum concentration diluted four times with distilled
water. Several gelatins were used with different bloom val-
ues and acid or alkaline processed.

The holocTrams produced with these gelatins pre-
sented different characteristics and did not give any pos-
itive solution for the red response. Considerable effort
was expended in maximizing the formulation of each gelatin
to improve adhesion to the substrate, hardness, sensitivity,
swelling, etc., but in general, not one of these gelatin
formulati ns could produce better results than the stan-
dard gelatin formulations which are routinely used for -.ne
production of the holographic films (Table 3).

5. Effect of gelatin thickness: The standard gelatin
formulation was also coated in various thicknesses corres-
ponding to 0.25, 0.5, 2 and 4 times the standard thickness
of .5cc/in . It was difficult to remove the photosensiti-
zing dye from the heaviest thickness but this was the one
which produced better and more stable red response holo-
grams. Attempts to Iowel-the concentration of the dye and
to prolong the washing time were not successful , and a :ood
red response was incompatible with a clear )late and ac-
ceptable diffraction efficiency (Figure 14)
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TABIE - EFIECT OF PLASTICIZERS AND HARDENERS ON TilE PEAK RESPONSE WAVEIFN Ulf

B = Added Before Pxposure Responst,
Ilast icizcr s fl,irders ) = Used Before Exposure Ppak aemarks

A = Used After Exposur, Wave I on(tl

Tr ie t hn la n i n B 10, by wt. Rtd lli(:i, Scat-
t cr i!

A lI Ye I low Goocd

cl corol B 20 to 80, by wt . Green-Yellow Gooe

Eth\' Loe Glvcol B 20> to 80 so)lut ion cGreen-Yellow Cor

For naidd'do B 20 to 80" by wt. Green Low Dif-
fract ion

A 40 solution Green Norma I

Methanen I hb 100 eur( Film Fcagc;d

A 100 pure Green Low Dif-
fraction,

Kodak Rapid b G1reen Low Di f-
Fi xer fract ion

A Standard Green No Effect

Sodium Bi-
suI fate A iP solution Green

Sodium Bi-
sul fate A I' solution Green

and
Ammon i um
Dichromate P' solution Green

Tr-t ano I am, ino Ch rem i um

Potas siu mr
Sul fat A 13c 12.5c to I ( sol. Green

ri e ;,am) I,".ine A\uminum Sur face
Sulfate A 1 V to 26 sol . Rcd Scatt rl:c

(>u.;t root n weI len,ith at 1 4nm
P A,;'!-d Bcf(orc, I'x; o, <s ,: C11j,ica1 ad(h d to tho (1,'atin solution L before

T)]ate w,1.s coa]t 'd.
) l':' 1 Be for(' 'r -x L ;ro: 'il!, immersed in the, ch('mical solution

A- ,s t, Ift r I xp(,,.;ro, Fi I n immersed in the chemical so lut ion

'l'o L -ath nor (lut ion ll.;(d afer the la.<ti,' r solution.



TAB-LE -3- (2EL'IATTNS

S UPIe r Type - Characteristics

"A" Co. 1099 - Calfskin Iso.4.7; Strength 297

5247 - Pigskin Iso. 5; Strength 399

"13'Co.G-8 275 Bloom

G-9 100 Bloom
IT Co. 15 cp Neutral
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(,OLTF~lCT ION Ay F L[CTH 514~

SCPL[ N -F 20 CHONS) STANDAJOD THICKNESS



6. Effects of the photosensitization process: 'inhC
concentration of ammonium dichromate appears to have no
effect on the spectral response, while the dryness of the
film (when exposed after photosensitization) seems to have
a strong effect. Plates which were ohotosensitized and
dried in a high humidity atmosphere all have a stable red
response but also reticulated and have excessive scattering.
Plates which were photosensitized and dried in a dry air
atmosphere responded spectrally in the cireen and did not
exhibit scatterina.

Attempts to reduce the scattering in the red holograms
were partially successful in the sense that the scattering
was eliminated but the plates showed a nonuniform response
with different areas spectrally responding in the red,
green, yellow, etc.

The red response associated with high humidity in the
drying of the photosensitized plate was correlated with
holograms produced in the past, which after more than 3 years
still showed a good red spectral response but also exhib-
ited scattering and nonuniformities. These early red re-
sponse holograms probably resulted from a lack of environ-
mental controls during that stage of this development.

7. Effect of sealing the hologram: An investigation
was made into the possibility of "freezing" or stopping
the shift back from the red to the green by cementing the
hologram using a sealer or a coverplate. Various types
of adhesives and sealers were used: spray sealer, one part
adhesive, fast setting epoxies, and slow setting epoxies.
In general, the holograms shifted back, but a few nanome-
ters less than the holograms that were not sealed or cemen-
ted. Although all of these sealers and cements have low
water absorption characteristics, they cannot be considered
as perfect water barriers (Table 4).

8. Effect of hardeners after the gelatin films have
been swelled: A dichromate gelatin, reflection volume-
phase type hologram constructed with the 514 line of a
argon laser will normally start diffracting at higher spec-
tral wavelengths (yellow-red) while it is drying and this
response will become greener as the hologram dries. The
"natural stopping" position of the spectral response peak
is related to the construction processing and oelatin
parameters. Also, the more the hologram swells or is
forced to swell with swellino agents, the hicher the wave-
length or the stronger the response the holooram wil1 have
initially in the red. Ideally if the holoe;ram could be
"frozen" in this swollen state, a permanent red response
could bc obtained. The attempts that were made at sealinc
or cementing the holograms in that state wer, not success-
ful. Another alternative was to harden the h lo(iram in

3H



TAIF, i - HO0! ,CV AM SVAI,-'.

SEALER TYPE RFMARKS

"A" Cement Pottina Compound Good whon used with a cover
class. Frosted finish when
coated by qravity w,'out
cover

"B" NL41O Polyester Same as "A" Cement above
Coating
Resin

"C" 2 ton Difficult tc work with;
clear cement 2 part slow viscosity causes tranped

settinq enoxv air bubbles

Invisible Polyurethane Frosted finish unaccentable;
Armor Sealer not used with cover qlass

Collodian Oranne Peel occurred; not
used with cover class

Krvlon Acrylic Frosted Finish unacceptable
Clear Sprav Coatino

Lable Plastic Glaze Difficult to attain a flat
Glaze uniform coatino

E-POX-F 5 2 nart fast Difficult to work with;
set tino Oo-y viscosity causes tranoed

air bubbles

3-9



tiis swe]len state to rk,,,k, it mnur- difficult t ()r it tjo r-
t urn t() t he norlal s t Ite.

Ti 'is att empt pr(duced tho, best results, and a ntrm-
antnt!, stable red rsnons, was djta io(d. Th , ree)(atabi 1i t
and un i f-rmit wa ood but thI. (uitI i t, was n(t y t acce-)-
table because (,of considerable scatterinq. This process
was devel[oped furtht r and wis used in the ro(d uc ti.<ot of th('
f itn a I red ho I oo ram as serbId in t h( t riceo)r 11 0]o ( ra oh i c
Pancake Window ( Tab e 2

Censtruction af the Red lilo Iram withi a Red Laser

In a oarallel effort with the devlooment of tech-
niques for producing a red hol ouram with an aro-on laser,
experiments were carried out to investiqate the feasibil-
ity" of producinq the red holoctram with a red I aser, sine-
cifically a krypton laser.

The basic problem was to achieve a photosensitization
process for the dichromate qelatin films which could be
used with the red laser lines, and with a sensitivity com-
patible with the available laser power. The normal pro-
cess of photosensitization with ammonium dichromate pro-
duces films whose sensitivity is relatively strona in the
blue, low in the green, and non-existent in the red.

Initial experiments. This investiqation was started
by experimentinq with a formulation for red ohotosensiti-
zation of ammonium 3dichromate film which had been reported
in the literature. Basically, the formulation consisted
of the addition of an extra dye, methylene green, to the
photosensitization orocess. Two thines were, nevertheless,
different: (a) the reported formulation has been used with
commercially available ohotoqraohic celatin olatcs, and (b)
the holooraphic ceometry used two separate wavefronts each
of which will be incident at the plate from an opposite
direction. In this project the celatin films have differ-
ent characteristics than the commercially available fil:ms
oreviously mentioned, and the holographic coeometry reouires
that one of the two interferinq wavefronts used in recordie
must pass through the film twice.

To separate the influence of these two diffoernt con-
ditions, the red photosensitization .)recess was exactl'
repeated as reported in t, - literature and used with tlhe
same toe of commerciallv available (:elatin film 6491F
r)]ates. The (;eomotr,'. of holoa1rarohic const ruction was
chan;ed for the back mirror ceometry used in this oro { ct.
With this cieomot r,., if th otical dritv off the dat- is
too hih, the wavfrnt nassii tire'eb the olato twice will

4r)



Ii , 
*  t .j5>lIf " ' , :, I iwt1i1 , wK,!i I:t. :l w u s a, i :.,

I t . I .

:t~~~ t t t .. • ' , ' " I •>. t |] " ! 
;  

. .

itt

* ,. .• •t,

•..................... .t .Ii - . -

- I-(-'! t i [' t , ,i ' z -I t , • " : " " . '-* I- ,, ,.,,! 'w ith 1 I '-- I .- , . . 7" 1 1
+ : !otqsynsit ii t:r V r '... . . . . '. : .

- : it ivitv film, 114. : :m " " . :. "

i' 1 ito over the i 1-,

The Kryp. n laser. ... ' : S">

w.ilable was a 16-wat-- . r......

*aser. The 16-watt & -l : , , ,

w'A.It when tho rU( €4 , .

1 ." -. P 3 , u 4*- ,',l - *w,. , , ...

!, "+ i 
:  : ,  

" + ~................. ., . . , , i 
+ " ,  

.. . .

. . ,

',''i * i 1 ; , t ,! ' '' . " ri 7 11 .1! 4. , . ! 1:. 7+ -' ] ' i

4.. , , :, + F ,r ,ti ,: < - t 1( i-, i
t  
i'i+,:, 12

',.2+ 7 . , , .

- ... . '1:., ',' + *!: +h - I, 1J s j , Vw j7 ) i. N ., I . . ; . t '



Aft r i r it l di t i cur I i in r 0 T)( 1 1 t1 -1 C r c' ] r
rlQ.sult: , t h(, ,h ('('-ild I. I I- . (Iot, n{(( US I.' ro-
duc,,d with hindt, dj t-t.t'ti mn ,,ficier ,. arid a vlfm 'ni-' o
et'Sv '.se FHc .u't)' ra i r unse{tlq( was]b rt( in] 'olaflh ..rear+lS .tFnd

<r t' , ar ' . i. t j rI a I C The i ' ie] ( 0 C, I r ct(-

e eIiti ,atas ,'5 par aId Pi1st c) tue h ]a tcI s It
' 'Ntalli'ati ,: iCh cci d n"t r , v, A ttr t t

r,'xci.e tI r.'st lat i()Ii resu i t{,d in halc qran. Wit. ,, .r:
lr'w uiffia' i<: <'.- Annics a\lt har undesired (I ,a i a -

If i c" a, ti c- , h c ] r ra T i As a -r'. wia <iuctr .

ro-~', "-u vd a mli':''a a, 1~< i <ta'- u u'f-atS hl] as rn]anp aahalvf~' 1.
'j kr krs h r r , r Pa. %,', ;.rroa -t

0 rr h ,r w.', I ,n ,t i' the hrC esa nsit 1at 1on arsc .:D

d C,,d 1. 1 ] l-1 ',, b.( ( 1 cp, 1iLc ' ats with ad r )d ii-

's , 2i: tt, siros (>2)'n r' dish, with 1 aad uniforrit,

it 1I.arr - . ra i spon , , but with very Ilaw di frac-
tia" . i' ca I ir r rs0lution at this
st a ,,  ( 4  , .' , 1 ' , ' U s c 'o r < l t o r b e t t e r t h a n tii &
r.'sljlu ' t i, t i ' 'i 1 1- o c inal red ho0 a ram ,)raduced
wi t1 t *' ar" ' p t  . .

I ' U . ,v * %., kr%,'stan laser was inter-
"' ', o r:' , t ' a , f rt in t o : roductia n of th ,

1-0'd r c1ar i r, wit 1)' r ; la ser was nroqressinr faster
anc, ir( cat d <r r and ra're secu re a-nroach to the
s-i ;, 1 r bri , +  r ja t'e red hoeol gra-.

P..i'- inp' IPt, i'',"t 'it ]tian (which was later re-
'P 'c ., ",>r a c 3aisoen af the Ctical

s F -
-  

' '- r. with the 0rier S roluco l with
C r, n ]r( uct i-r: , f the- re d. h ( ) lo rar wi t
. 'a l.ii -.. : V ihiavabo hut i-s ustif-

1"inl'n -4 - r~ -- ' - "+ ,r r, r1 tca i.aflc aculd
:,, ,, 'V-l . t,, (Cl, " t ' .,'t li~itad n'u.alit." ari ! 1ev
- t . ' a 1 i' .... . . l., ,] rapns "r.'rudi d. 'P-I (

i. ', -. ,r'- mirr ors nc.,d fuIrth sr

nI it' r "ar.irifu

<'" ' ,: ,: " n " ' "''' "' 1',  a

1 1'"1 .' " . ' .l 1 . " - " . _.

. . . ..> "r ' : : 1 ''

Sr i



O 1 1PIINC ()F 'THF lI01OOP APIIC MI 1PnRS
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mi rreir w i T, ro c olor dispe,(-rs-ion. The color i'c
.Al 'P i'- da t P s' C,;!t ra 1 rk spo)Cnse of the he ocr1-,

Vie( mi'rror is- nae arrowe(r. That is thec reason '(-)
as a Veeheleraiseach with nairro-w spectralI rf-sonze,

rait he r t1,i 'por cveir cent inuous lv the vis ible secet rul-

The record incl of these;( thre-e holooirams could theor-
et ical-I lv he made, in the samre hl ocraphic film o-r in sep,-
ara te fils IlsI they could have the)( sane focal lnt
if the three, holeorams ire in the same Tolane r-r have tre

sar-e focus (in the Pancake h-.inclewv con f icurat ion) aIto
hsia IIv sepa")-Ira tedQ!.

F.>oe rimerin ts were ca rri ed out to ev aIu ate differe nt

F~tv'eren--,tal Fkaluation

Dc-uhl 1Sdh err' ''oh orr could b L,(: t--
'eo l ir t La- a f il I a'(! the i rn or

it c'. d e!'te tr i Im. The three, helet ai,-
il1l t he':, be orc-t, Ce' vl ii r tit - -;s-re lar( (w it h i T-.100"r

'The f or' Ie hl e I(-)(I ramn ?)red!i c t s t !at t l-

r Ict io (-11 -i c n "'oIA lut il~le e'm'e()Sed helc-rar wi I , c
iirs,- I ro tonl o-~ ae the number eC ole

1 t I ml I I-Ct i mt''' i l'it aT eI 1o tFe haIve dlea'nst 'o
ii r 1 t r :1 c cI I I c T- :7eems- 1o'-sil

~~ 0- isal I~' h~ leerr,~i~~b'rd(,d
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3. Seoarate holograms with different focal lenciths:
Two of the three holoqrams could be cemented gelatin to gel-
atin and the third cemented to this pair. This third holo-
cram will have a focal length longer or shorter, depending
on the distance of the gelatin films. With this arrang.-ment
the three holoqrams will have a common focal plane if an
object is placed in this focal plane, the three holoqrams
will simultaneously collimate or display the object at
optical infinity. If the object is outside the focal pla-,
the maonification and the Position of the images will not
be coincident and color separation will be observable.

This last technique, althougih not the preferred one,
was implemented for its simplicity in the production of
the first tricolor holographic Pancake Window.
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SECT ION V

PRODUCTION OF THE BLUE, GREEN, AND RED HOLOGRAMS

Construction Geometry

The three holoqrams (blue, oreen, red) were construc-
tad using the same basic geometry and using only a single
laser (Ficure 16).

The laser is a c.w. aroon laser with an all-lines
oowe4 of about 20 watts and useful TEMoo of about 4 watts.
This reduction is caused by the selection of a sinqle
laser line (which will reduce the total oower in half for
the 514nm or 488nm line) and the use of an intracaritv
etalon to provide the coherence length necessary for the
construction geometry.

The laser is in a separate room, adjacent to the room
in which the plates are exposed, to achieve better insu-
lation (details are described in ApT)endix A under "Holo-
,iraohic Facilities").

The basic construction geometry, called the "back
master mirror cfeometry" consists of illuminating the holo-
era-hi c plate with an expanded laser beam which beains di-
veroing at a spatial filter. This diverqent laser beam,
partiallv transmitted and partially absorbed by the hole-
C1ram reaches a spherical aluminized mirror which has a
center of curvature coincident with the spatial filter.
The light reflected bv this "master mirror" becomes con-
vergent toward the center of curvature and interferes with
the divercent beam at the holoe-raphic film plane producinc
the hologram. The interference of the two beams is the
basic requirement in constructinc- a spherical holocirachic
mirror. The distance between the spatial filter and the
ho] oqra hic nlate wi ll equal the radius of curvature of
the holnora.hi c mirror if the reconstruction and construc-
tion wave enatns are the same. If they are different, the
radius of curvaturr, must be multiplied by its ratio
(LoTult ion 1)

T ho '') :;t r mi I- { r" is an aIumini e{ula.-s cirror
1 inch thi' with ain avratu, ro, of 40" x 8" and a radius
(f ('ir,':tr. i- itneh,,r. This mirror is I,]aced in a box
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with sand and floated on air tubes. The same fl, at ine, plat-
form supportinq the box with the mirror also supoerts the
horizontal wet cell (Figure 17).

The horizontal wet cell consists of a base or sup-
porting glass I inch thick placed over, but not in contact
with, the master mirror. A high-efficiency anti-reflec-
tion (HEA) coated class is cemented to this plate at the,
side closest to the mirror. At the other side there is a
reservoir structure which contains the holographic plate,
which will be immersed in a liquid of appropriate (about
1.51) refractive index, and a cover plate with a HIEA coatin,.
In this way the hologram-air interface is limited by HlEA
coatings, and the inside surfaces of glass and celatin are
matched optically with the liquid. The purpose of the wet
cell is to eliminate multiple secondary reflections between
the holographic plate and the master micror and also be-
tween the surfaces of the holoaraphic plate. These secnn-
darv reflections could produce multiple holorams and a
degradation of the optical performance of the holographic
mirror.

The distance between the wet cell and the spatial
filter was changed for the uroduction of each hologram
(fiqure 16). The focal length of the constructed hologram
is calculated as half the distance between the spatial fil-
ten and wet cell multiolied by the ratio of the construc-
tin to reconstruction wavelengths (Equation 1).

Holographic Film Characteristics

The qelatin films are coated on a , /8-ich Thick
24-inch by 211 -inch glass substrate with a "'Iravitation"
technique and with a formulation developed prior te this
project.

The formulation, environmental paramet rsand ,rocess
are varied and/or calibrated accordine, t(' t!,,,
characterist ics of the hologram and of ,, wa, sth h.ift
between construction and reconstruction.

Production o-f the Pluo 1loeiou rar.

The !nroduction (of the, blue. h lo'rx- w.s t.' fil-st at-
temo ted and i s the, o- nI'' (,n(, n wh I P the wv, 1 n i t I, -

const ruction was s]i(inod to he tl, same r lc (vrI- c s t {

th onstruct i on way ,]eneth

The 488nm line )f thu, asori ion ]asr was ued, and
the' stab ili t f this line was chocked and (-,xnrint ,c

1.. . . -a- , r._ n _ n _ , P a dv n4a h t tl n (sit- J
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dic Iiromate f ilIm has a sens i ti vit': th()ut fi- t' iries hiqjh'r
Cfer the blue thanr f or th 'I r(,(, r I II 1 (1 , It Iv i~r he 'XFK(tIl r.
t imes for thc' blIue h10 1cicTrarws wore, vuch she)rt1,'r- than fer t

o uenT1he h o r i 1 n t a I wetf ce I I was i , r i q i n , I ly (-7a i f ri -fI
produce a ho I( mraph i l r ror el 'f F) i nh zr1a1i us e)f c-u r'.
ture anO the helooram was exee(s(d i. I ie fr'er, tht-
spatial filter.

Th e h um idli t, clu r in th i t ime uf 'er was 1-uc h i r
thia n n ormalI, andcl t hu s it wa1-s neot Jiwa' e§- ible, t - r(
this enivironme-ntalI parameter. As a,, rest, mis IT(t
Telates responded not at 48811m but at a wv rt
to 470Onm. Several nlates were made(, nevert!K I,_s.;, w i
thle response at the des i red valIue of 4 P np,. ()!It t t

Plates was Poermanently cemented te a pIrec -:1 hecrn<T
most identical focal lenqth ( 17. 7 5 in ch's ad t 1i , i
hologram was analy,.zedl for per fermainct ii i Painca-ke V ;'
con f icurat i n.

The performance of this blue-uiree(n heoa(rar' was '

sidered qoodl, but it could not be used in the fin il t ri
coloer hologram due to the- irmeepssibil1ity of pr(Ylut-in2-
re-d hologram of the samie focal lenoth. This, was caus,,:d
b,: the zohvsical restriction of rot being able, to abtaiie
a iistance of 42.6 iniches, from the center of r-urvatr( ure.
t'cj mnastr r mirror to the snatial filter. At this (li!-

ar:,when constructed at 5I4nm, the hologram %%ill have
ai fe a1 length of 17.75 inches for a resTDnnSe at n~l''

The alterna'-tives were as follows:

1. Use the origiinal P.- desiunerld verticil ce- I uwi
h',.wd L this time, to be uns'table)

2. yIodi f':srv the hori/nnta-i (-, ee u

s horteningi the litrfns ten of tho 1-i r c!: hic la I
a- I Il(W i t to r, jjii1' thu- sa I - -I j .t' .

T't~~~~i,; (I is t t Is7 JInc : ' d t

rc ('c r" I r I I r i '_; 1, 4 1''+' '.

I, r''at r I- r r



!o'" t h is t i'me the Iumicite was; much l Iower- thai~n whon the 17.7-
nrch h (ooramps W-1-0 made w~.'it h the ro-Sn 1t tr-at the res;ponse,

'this, hblue holoe ramy was flo)w a-round "011mvrr, ve r,' (7 10C50 t.oC
herso of t e, p' creern ho on r am t hat , for other reasons;

w I lowe r thian orixcinal I % de ioinod.

onhe of the e~ar ly oxperimie ntall>' p reduced blue holo 1 onrams
hadJc a peak spectral1 response at 46 8om . Al thouqh the wave-
lena th was much lower than it was do-; icmned to be, the focal
I>npith at this wave lenp(th was exactly 17 inches and a c eec d

pmatch for the red holeciramp. This blue holepIram was cemen-
ted( to the soelected red holepTram corbini re, two of the three(-
ii rror- reqiired for the final tricolor halmenrami.

Pro.duct jefi, of the Green Holoe(ram

The product ion (f the eiree(n ho lop ra-m fo 11owed i rocn ne-
t ion of the f irs t blue, hel 0qrams . The !roon hal f~it; aFocal loneith was intended to match the foclal I( net> f f
blue holcraml. (Owij acTain to humiit, !1( !r1()](e
-rams- were resond inc at a- lower wv n .(5APr

7,1ti ma to I V, he 1 cc. rams,: were nreduced(1 at+ 5 ,5S or a nda~
%,illh the h I n hco ciram. The f i r--t hi co or hncocerdanwa
as 1Erhl wfit h these, holIeerarI5s aInd had1( a cal lon 1th n

ent 'e eecm t r,,. waIS ch a ne(ed t o cce--mmedajt e, t V nr
Jr. tion of the) red(' lhcleeram, the wet cell for the- , oc

1q .ra hould hav been placda 36.71 in ce fret the
f i I1 fLer s in cec it was to- be exp)osedl with the( 51lrr.

* i, And was to have a focal lencith reseemd imp at 55 7-r,
[i ao (necd( honweve r, that with this con fip~uratien the

c dreflection (between the wet cell and master mnirro-r)
-I o m-le at. th',Ie honlop,,ra p hi c p laItec , pred uc inec a n i nte ocr able

So cdefect. To avcid tis do fect the focus of the
-r-r ro -ot ion must be mioved at least 1 inch from the

1 io 'Id since- it was d-cide,(d not, to) move the i late or to
wethe 17-inch focal ionc,,tfi, the eroen response wave-

wr'on 1d have to be moved f rom 5 5 n r to ,i thor 5 7Onm
r -drip. * The, -,4nm <:, lenpth e)osit ion was chcsenl to re-

; 'ic t liSt inc from the blue reseensc which was. much
1 <<ort' e'wa-ic desitred.

tht final (Tcoon heleprami was, to be zoreducod,
* nIidtv h in iainhace and was v-r\ loW(itr

i io rr-!) re utineT in e-ohlers ita 11ie-. '.-

''o , (6 5m). Tho w.oe I-,eai



,ii (iod toI- he (,ean rooIm %s , with1 t (rm t c-r A tu Ure anIId hanur.1ic!i t-
*conltrolIs. The a ir i n t ikeI a nd( i ak o- u p' w" com1 'IMO n to<
a* I Iroenlo; to obtin a 1I coist an11t e'nv ironment dJurin(; the( ho-)
* r a h i C 1) roces R ut, , this Iarovolumne of air Which lvas
con 11St anlt I' -N hand as a1( 0 1 reIouti r(een t for the (21 ean roon~s
be c ame too mu Lch fo(r the t humIlid i fT icrs an d/or dlehumidi fliers
when the relIativ1W humidity e f the intake, air was v'er%, di f-
ferent than the re lat ive humidity requi red in the I abora-
to r%,. These extreme conditions unfortunate. 1'' occurred
du r Ing the production of the final holograms so- that in
order to obtain the gireen hologIramn with the desired a-
length response it becamne necessary' to process the film
(before exposure) in humidity control led imrvsdbooths.

The final three hologramrs we:-re desioined and producer!
to be assembled in the same plane (substrate) I,% meaLns of
a "mechanical transfer" nrocedure. This p.rocedlure was nct
implemnented (becauso of -,rogram limitations) and thL ol
grams were instead assembled with the red and the blu( in
the same plane but the oreen sep~arated by al 1/8-inch ",1aes,
substrate. Consequently, it was necessary to m-oify: H-)
redeveloping) the focal lenoith of the creen holociramn t(1
compensate for this separation.

The gIreen hologram ended LIP) with the best resolutico-
of the three. It had small cosmetic defects o)roducedc da.r-
ing the redeveloping in adjusting the focal. I encth.

Production of the Red Holoqram

As noted nrevious lv, the production of the rod iiclo-
gramr presented a challenge during this po-arom. Initiall-
ced results usino the 514.5nm line of the arg7on ion lase'r
for construction could not be repeated, so the 647nm line
of the kryp ,ton laser was chosen as a possible alternative.
After further investigation of both apprcaches, the no-
duction of the red hal ogram with the argjon ion lasersem
to be achievable sooner and became the so lected-( finalI
a 1))r oa ChII.

The first red holo<-rams oroducedol in this- s(,con:, at-
te~ were n recessed dli Ffe ren t 1', i n that the o1ocrm
af1ter be(inl fexe)osed were swol len considerable us inc t ie t Hh-

ZO eminec and then hardened be fo-ri beinm dehe,,dra ted.
ffardo(ners inves,-tigated were rapid fixer, alulaminlum sul-

f te hromium su I fate , and potassium chremi amn sal1 !:O>*
Th s .ock'5 o-eda oda >ermanen t swe11i noi in the hI e

rims nd consegueniet 1v eroduced a sta-ble ecta esos

As a cesgec o ri roesle 'eiaIF-

('1Olat 01 oieorec i th g 1s i (as re '15j etl4



scatterinq. To eliminate this sc ,tt rin , the prc-(, s was
adjusted p rod ucina r eci)it ation just over the surfac -
the qe latin. This cou I d be m chanical lv remrved l imi.-
atino allI observable scattering.

A tpro>b n still remained, however, in that these red

holocirams, although peaking at the desired wavelength (620r],
had too wide 1 resr)onse (over 50nm) and prod uced dispeo rs ion
effects with- consequent imaqe degradatioi.

Whekn the holooram was -'lowed to res )nnd at lower
wavelengths (600nm) , the resoonse became iiarrow one'r.
to no useful. It was also observed that the spectral
br ladeninn affected the imacle quantity (resol ltioi ) verv
severeov of f-axis but not significantly on-axis.

By further adjustin, cel hardness and chemical concen-
trations, the sp>ectral bandwidth was finally reduced to
'Onm at the half-heic:ht for a wavelength peak of 620nm.

The resolution still deteriorated considerabl,, off-axis
and was much worse than the resolution of the creen and
t he, b 1 ue ho Ioq( ams.

To produce the red holocram, the base nlate of the
norizontal wet cell was lowered to the ooint of almost
touching the master mirror. At this position the hol -
oiraphic elate was at a distance of 40.S inches from the
seatial filter or center of curvature of the master mirror.

Construction parameters for the three holociranhic
mirrors are given in Table 5.



IP- I, U %. -

I-U I 1.0. M4' 21. 2I ON. 0.65 o.

Ii- ,iE 5O P AT A

D 1 1,I( A P (I N (3 S t. at (!1

1A1',S PAWR A

SI l U T) RE-II PLAN 4' 2. 8w nm 24 __rl T)_____ _____

A--- 1,-t 1~- - _ _ _ _ _ _ ____Ill 10.72



SECTION NIl

ASSEMBLY OP THE TRICOLOR HOLO(lRAPH IC MIRROR
AND PANCAKE WINDOW

Mirror As stmb lv

Each of the three mirrors was measured for spectral
kI-sTonse" and focal lencfth. The spectral response was

determined )hotometrically measuring the reflection from
the mirror oF a monochromatic source. This source was a
monochromatOr with a resolution of 2nm.

The radius of curvature of the mirrors was measured
me-niochromaticallv and with a white light source. In both
cases a small noint source was moved away or toward the
mirror until its reflected point imaqe was at the same
plane as the source.

The mirrors were initially assembled "dr," and the
reflected image of a 1951 USAF' r~sol]ttion chart was observed
for color rendition and superposition of the color images.
When these were acceptable, the mirrors were aliqned and
cemented permanentIv.

The cementinq structure consists of a platform which
will suoort one of the mirrors. This platform is raised
and surrounded by a container structure which will col-
lect the excess of cement and also supL)ort the alicnment
screws. Above this piatform and at the focal plane of
the mirrors is a lono" fluorescent tube, all blackened
with the exception of three crosses, one at the center
and the other two symmetrically placed from the center
and separated by 16 inches.

While the cement is still very fluid, the second hole-
rram is )Iaced (with cement) over the immobile first one,
and is translated with the alignment screws until the
two cnllr crosses are superimposed and the two colors fuse
in a crlcr combination.

Tjh, red and hi u holoqrams were cemented first, gel-
tiir te vl,in. The red holocram, which was the most

(1i ol tr prnduc,, dictated the matchinc focal lenoth
fcrr , t hr two holotrams.

57
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Thec transmIIis-sion %a 130's W(03' : mon(3)cl.hoy't 1( I30 rs k
transmssion 0. 44 tnorcont c('~5i~ 13')1<! 1~ 3k.I'n.

miss ion3, 0 .76 nerctrlt ;monoclhrom, I i c bl ue' 1)o-k t InS v f1I I
0. 25 percent ;and whi t (,-I iqht t rF nsmissin Oi 0. r ("
These v a Iuc depa rted cosierPvf roiii t la U dsi c 1 3

because of the effort to match the 11oe (I lonths -111(, P--
cause o)f t ime and f und ir,,i I ii tat ions

The ref lectjvjt\ (di f fract ion of f i cjer(,n; ' I)t h e K- D
-1rarphic mirror) was not MaXin~i'Zed to- "0 Tr r(cnt T Ths I s
not a technolnoqical limitation in the sense that !1! ( of
the experimental 11% produced beamsp I i tt ers, hive di ffr sr'-

t ion of ficiency hicpher than 50 nercent . flowev('r , fora
broad band spectralI input , a ref lectivit,'* sm~ I I (,r t hoan
50 pe rent is required to avoid double imacief W-duh le o-
tral nook) transmission.

This happens because the Pancake Vj .'ndow. wil1l h av 3
maximum transmission when the reflect ivi ties of e21ih cf,
the two heamsplitt-ors equal s 50 percent. I-or lo~wer or
higher val ues, the t ransmission wil 11le lower. h § th
s -ectra I respons.e of the bamslitter is not f lat and tli(
ref lect ivitv at the s;pect ra I peak is hicher than 50 iocr-
cent , thenl thie Pancake Wi ndow wil1l have a ma:i mar. t an--
miss ion not at the spectra 1preak but for the tWO-7c p (,i iIt I
in the oecr refl-ct-ivitv_. curve whose values an' U

e r ce nt .These double transmission peaks wil I I orodcuci :i
dloubi inc of imaqes ( because of the focal I lcit h - Wa-vt -

1 en;;th deinendoncc) and deteriorate the rose lot ioui of the
s, Stem. Consequently, and due to) time limitations , tfhr
he Iojra-ms were produced with emophas is on aivoidinc1 lKs
,)roblems and not on maximizinu the transmissi;'n of' th,

Pancake Window.I b three, Ep ctra 1 oeaks detnarted from, the den -i1 '1'cI o ;c hn t heC t ra ns m is s ion is m e a -I r ec wvi f h1 ro i it i cn
teh tiC- visualI res Ic)nse hc , 'IIc vI IIes aIr(, a'im

L)w. F1 u r- 1 show)"s h1w%, i ne ffriC-ien tly.1 t h I !)honi so
tra 1 olin (-()v'ere(! P-, the" t hree spc't r,a I(3k

a 7 (_ Ih F . 'WIV : 1. 1 mo, i c r a I I O ar i fl s o n F; r rC n-tS t

Ti .~h ith Wi rIsise ls' I h(ercn 1 r("2I

tO't .2 1,~l ril I IK I r o ho 13' (Irealt cor th!anT th
u! c r 31 r y. n n r t ) in I- i , t'r t i r a

P Tn-Woev I r'- r 11 1r ic.ra we havecxc r
V.h i' 51' i b r3 C) --c Il h,< brI ha d(

303. .; I .c , r ' -i a I' no' f ca ch h
711-
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SECTION VITT

CONCLUS TONS AND RECOMMENDAT IONS

Th is 'project succeeded in demonstratinci the feasibilit,'
of producino: a holopraphic compound spherical beamrslitter
no rror With full color resnonse. Furthermore, this hole-
orapnic- beanysol ittor w:as i ncorpora ted into a Pancake Win-
lo(-w disolav svstem as a replacement for the classical
cl;ass sTpherical beamsnlitter and its nerformance and
cl7-)or capabilities have been demonstrated.

Solutions to certain nrobl ems were exoected tc have
hoen, achieved prior to this effort. These problems in-
cludled the t ~oliowin;l(:

1. The control of the monochromatic wavelenath re-
soso with respect to its exact spectral position.

Th ' ,-rctral peak response stability.

The ii-pTrovement of the holooTraphic off-axis re-
U' ut ion.
ThJ.i o-f tha-t thcsco areas were still unresolved required

c~nituof ot l eort in these directions early in
-!!roram, t1' erebv r-ciucina both the time -- 1 effort

Lv- blc to achieve the speocific co_als off this Drocram.

Iry )rCCaucticn o -i red holociram utilized, most of the
r-cscfnot r4ee~ critical i,4 pro%-ina, the feas, i-

ii, lit- _47 th nro t r- Eal oat iall su cce ss fulI results
t jas mon I ,- )riisa If th1 e oe r i I d i ffIi c uIty of the

t-. C-r~tex*t (-, dI ;ien ccr s -, all the basic rrroblIem's
T-( ;v i'e with the except ion of the resciu tirn of

mu .e ii 0(I fuir the r developnmen t of f-axis .
1- 1 ur ()p ('f r od tll] cmrra was mono, apparent

thh'Ina bra ba I fuorescent source
uv :it hf Ai I' rc soli -t ion tano et.Thsouc

T ''ii. I ie 'n ' i %.hi j I enha1-nce the1 resc lut ion
2~~~ io nr i th nl 1are tecl o()Irr

I. To . I I I I
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o tn -) r,' r u c, I, tricolor IInloqrn)h a Pa c-! i ,indow
vswi tht a whit-I i ,t f t r ansp ision of al)ryKirat .]v c nr ...'

The r(ose o tion o the reo oJ; ocr _r r-, r ,

a'i the r Ilation i b- to n con.s t rurt ion wa'',1]e:iot -
,' -tolation na- sti t-r, he dr-tr1'in, a . 1.,t:
-,uire d usinc, the ar,--,n la-ce r is uTch r r

tIro kr'iton Iasor- h t the 1ooT oruri C ,rtts n I! e. ra
'. cocl for the C,;n'on wix len t +f 'rr
cOr the red wa' 1 (It i, 0-, t 'r'.1 r.

Continued Of".'( l '-n i ru'>'". . 't' 1"' - ,

resolut ion cf th( ro! '<U r. '' to c;-a- ,.
ib Ie I i T'ita t ion) i-!,: + -, pr.. kr' ':

a as (r to rro o c h, 1 , i

t i io n urti f 'r . . ... r y c, r d'c that t ,r I w r10a ),> " 1:i 'vI

I i the- r('u t 1 c -- -' "t' ' t

I t w t t , .1 -1o' , 1 1 , .0 ; c t t r o -1 I.>: altv o arar'ot a:r ]c , r o.n-;, ii 1i ] 1" ( wre,.s:'1,pc 4 nrtiu r . :

'it~~~r rrc:; cO!' i' 1j~ 11 1

i ion and difract in<faii pv w-- ril sitkdv :

T* 1 1 2 '.i 1 T 'T! f m i -

; r }'c. .,_,,¢ / aps: I. mi n r - ! ~ c k i d w ]', r -c
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thjfl(s which F(cn crchiit .. '*

1 . cnlt rolIo n*irtIlt I' u o 7.o e

and t emr)(ora ture,

2.Clean room ai if

n.. uo la t io(n f ro(m ,11 i I i2:

Ficiure A- --)!,()<; an ~Vf' n o 1 2
of the faiiis t 1: t 7'

there is aI ciiffe rint~ 1room fo r V

resare clean rooms; of Ii 1s- Wi)1. alY
same temoerature, and( airhu it

In toeI o ,n t, ranc'e andC of f i ( 07'

themse c, e s toc ( r tc r t h l ea n reo(r,
mat er ialI i s s to o ( (IC 01 d~l r 2. I a' n n

The chemical room I-' li 'I th Ii t n

o)repare, the oc W in -%'rluti !F )n0'- f or '-

of1 the lae which %.III 1w ' lit Cr tin- <

t his roo U s M, IS -I c I I,;' -07'

c-i rcu 1 at io n i r r'V it 7.11 in, ai !- i i 7'

P~ ~ 1- t' 1oI r t Iv

''P 'I n-t J-() :j I

IJ7 r 1't I 1' I

11, lit I ' lit II v ~'
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with heaters, huniidifher and. dehumidi fitr-, T'fV- r )ms

t tiperature cont ro I wh i (1) automat i ('a I I. ya iu, ilt a i is t s-
lectod teCm Pera t ure tou + IC. The h )ave( a hupmidii--;t atf vi c(.

alut omaticalle controls rel Iat ive- humi d it,' he mfears o a
mid itiers a ndl delluriid f i e rs. The': alIso hi'u a:i
sure con trol which aiutomat ica liv closes, or o)r lie.(o:*
halust damper to prodiuce a positiveprsr1r 1eth

clean rooms at all times (FicTure A-2).

Conditioned air is introduced in each rit hroa( 0<
P~ercent absc lute filters in the coiiinq which'ilfir
practically all tparticles larcier than (l.3 l-I.Tis air
will sweep throucih the rooms and return by trio T'rilis;
situated close to floor level and oppositcr the 'flters.

The return air is mixed in the ducts providinri identical
air quality for all the rooms. The normal e-xhaust air is
used to climatize the entrance room before heini exhaustc-c
outside. The rooms also have independent eme-reency. ex-
thaust systems in the holocranhic roem, develclin a r(,0111,
and des iccator booth. These exhausts are rout inc K 'usr-.-

to avoid unhealthy con centrat ions of volatile.- chemica--ls.

A remote control damper will insulate, the holooraplhic
room to avoid one air circulation durino-, holoo-ranhic ex--
v~nsures.

The ceatinci boeth, Piqure A-3, is a class 100 clean
Lh -oth (no more than 100 particles, larcer than 0.3 micr--
meters per cubic foot) . It has a rotatina table which
omerates at 1 mnm and over which is nlaced the nlate to
he Crate(-(. This booth has a aermicide sh ort Ultraviolet

IT )ta he at er, and! a humidifie-r. It. has a reservoir of
distilled water and has two circulatinci fans: on foU -r
ahi ,h vol ume and coth{?r other for a very sma 11l volumarc-rof
circulation. Each ol' these fans is of conn t inuo(-uslIy va-1
CAl sr~ecu The booth can also be sealed froi-, the a ir in
the room.

This booth was fabricated. of stainless steel and-ha
acanacity for p1 aites to 36inches in dae(r

onothe p lass o late i:- nt redluced in the o th it
is di schar- er r)f~ in., tIt i(1 bui I jujm by\ blo .It t

dr n tooII ma adilioa t-ive -irtistatic (11r. -h r air
i sC ci r I ta i n: it- a P1 rximrruP sto wei:toh en
After ~,( hi) 01 i: ' a tin 2re ,,he

Or, ri r- YSi,((ti l. rfrrc a -,fao(t(

MLnb ' n o orsUt - n- oj
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48 S. :l' . i ie '1 ' T 1 - I - i (1 ,, t I I ,  I • r 1 i i t

'. it:,:: '.' 5 ..('ilil et , ie idi s ou unttr, ! ll,, is -4 Ths l1 ,( '5 -.. ,

, % ,t n h e i 1wt I i dt h f hI I 11 r 1 15 i n1 - :
I roun. d :- Nl I ' h Tn I tiIn' sel'arat ics f h l ts,

'i; 1 a l ,k for t K 2h ) wat t 1as' r ( ) '.!I. ''he.> T sl I

r 0 VIt Ir-c'i l, a1nk'11d anl s- an),n si '1 k uS 1-5 .. od t C, Cap

vaIr at io; in wat er r SI(.

Du te tlet Cons d 'l' ne()Tice anm! hIat urodv d u -

t }:' ', r !iiikv (if th i1s I.t-I' 1- Ier Ia ()11( ile; trII-
n i lu o: 11aviIi the Ias r in I se -arate ruoom a(lI Ctlt
th, 11 )- .%, whi i et s th tic) o C<lra C- i - I b I e wis ICC ,S filu I
LI. Th, 1 aser )ea ms are sert t -hriu Ih a 0. 5-inc-h i aTI: r
tv ular h l, i in tne plirt iti (n wal I I n this wall, thr,
is lso, I Cotn cal visual Tort t) t(2 rmit obsOrvat i (n of
t I't noliirauihic t ahio, and a i)ort-l]e s system toi dist.>l':
intt ,re nc, ,frinq s from vihration m Cit ori1C inter-

Th' hI i I (fl h Ir c, rIo()m is i : ated with an :tra al 1
IT nt ist- insut-i n'I mat el-ia I anC a double, n on-cord sI,-

sCnndd cTi Ii i. 'h(, hlo:ra1hic table is a pranite slab
48 inches : : 7 -1 inches : I c inches suIported b' air t ubes.
Th e Fir , orii na r,.' t II Intod on the table, is an , a la-

i ' U 15,. i rror with a 48-inch radius of curvature an
4(r-inch >: i-inch a)orture, Fi:ure A-5. The rnirror is
damd at t he supr'ortin' base and at its back with sa I

last ic ha, ;s Fil led %with sand (about 200 kq of sand).

The t-irst ey'irimental wet cell, used to el iTr iate
u-,w:antd reflections, had windows coated with hiuh uf-
fiinv , : 'R (, lIss which has a th ickn,, ss of 3'8 inch. This

It cell is use ful for e)lates with a maximum si7c (of 24
in xhs >: "1. C' inoK s, ti,,ure 21.

-rr stai lit r asor's , t f a-, ite -i-or and wet ceCl
:--rnet r' w r r, o i f ied I t , i i '',n ii vet 'e T I ,teometr' ,

i ur, 17.

.3PW I I ur-,i-ti n s ' I t, i , " r li to -vil)ra-
ti in h,-, w +t c'l1 I ' : t: .... t (r'-tctr tie Ilktoseissi-
Ii:' l! :lit , i a in ]a ', i , 1 ,1 P t ,-e is

t',0 ,, t.;i' fI.! F I 1 r : " ] ! +,' + ] : > ' i t

"''W '[ '' : f 1; ' } 1 } ] { "' t ' ' " " t : , ' t , , i l ('} 'I i'
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